A common feature of chronic infectious and inflammatory diseases of the central nervous system (CNS) is the intrathecal synthesis of oligoclonal immunoglobulin G (IgG). In known CNS infectious diseases, oligoclonal bands (OGBs) are directed against the etiologic agent (reviewed in reference 10). We hypothesize that in CNS inflammatory disease of unknown cause, such as multiple sclerosis (MS), the specificities of OGBs may similarly yield important clues for identifying a putative pathogen and contribute to our understanding of disease pathogenesis.
Standard immunological techniques have not revealed a viral or cellular antigen that consistently reacts with MS OGBs. Recombinant antibody technology combined with phage display offers a novel strategy to identify the disease-relevant IgG in MS cerebrospinal fluid and brain plaques (1) . Combinatorial antibody library technology, in which Fab fragments are expressed on the surface of phage, has been used to describe human antibody responses to both infectious agents (2, 5, 8, 9, 15, 19) and autoantigens (4, 11, 12, (16) (17) (18) . We tested the feasibility of using this technology to clone and characterize intrathecal IgG found in the prototype chronic CNS infectious disease, subacute sclerosing panencephalitis (SSPE), caused by persistent measles virus (MV) infection in brain. Large combinatorial antibody libraries were constructed from heavy and light chain sequences expressed in a single SSPE brain and panned against MV-infected cell extracts. Fabs specific for the MV phosphoprotein and nucleocapsid protein were selected, proving that IgG mRNA expressed in brain during a chronic CNS infection can be used to generate high-affinity antibodies specific for the disease-causing pathogen (6) . However, use of this strategy in a CNS inflammatory disease of unknown cause requires that panning be performed in situ with diseased tissue. In this study, we panned for MV-specific Fabs by using SSPE brain tissue sections as a source of antigen.
Construction of the recombinant antibody phage display library used for panning has been described previously (6) . This library contains heavy (␥1) and kappa light chain sequences PCR amplified from a cDNA library generated from pathologically verified SSPE brain (SSPE 83) of a 14-year-old boy. IgG extracted from this brain was shown to be oligoclonal by isoelectric focusing and reactive with multiple MV proteins (6, 14) . Phage library panning was performed as described previously (8) except for the use of SSPE brain sections (SSPE 81) instead of antigen-coated microtiter wells. Sections of freshfrozen brain were prepared for panning as follows. Slides were dehydrated under vacuum for 2 h at room temperature (RT), fixed for 10 min in Ϫ20°C acetone, hydrated in cold phosphatebuffered saline (PBS) (10 mM sodium phosphate [pH 7.4], 150 mM NaCl), treated with 1% H 2 O 2 in 100% methanol for 10 min at 4°C, washed twice for 1 min at RT in 100% methanol, and then air dried and stored at Ϫ20°C. Tissue sections on the slide were shaved to approximate the area of a microtiter well and surrounded by a glue wall to provide a reservoir. Two sets of slides were used: one set was pretreated for 10 min with 0.1 M HCl, pH 2.2 (low-pH elution), and neutralized in PBS, and the other set was untreated (no elution). In a humid chamber, sections were blocked with 75 l of 3% bovine serum albumin in water for 60 min at 25°C.
After removal of blocking solution, 50 l of freshly prepared phage suspension was added and sections were incubated for 2 h at RT. Unbound phage were removed by immersing the slides into a petri dish containing PBS-0.5% Tween 20 and agitated for 5 min on a 120-rpm rotary shaker. Washing was repeated four additional times with fresh buffer for each wash. After the final wash, excess buffer was removed, and 50 l of elution buffer (0.1 M HCl, adjusted to pH 2.2 by the addition of glycine) was added onto the tissue section. After disruption of the tissue with a pipette tip and a 10-min incubation, the eluate was transferred to an Eppendorf tube and adjusted to neutral pH by addition of 6 l of 1 M Tris base. The tissue was rinsed with 50 l of PBS, and this material was pooled with the first eluate and reamplified for the next panning round.
After five rounds of panning on SSPE brain sections, phage were converted to a soluble Fab expression system, and 20 individual antibody clones from both panning experiments were examined for MV reactivity in enzyme-linked immunosorbent assay (ELISA) against lysates of either uninfected or MV-infected Vero cells (6, 9) . In addition, to further establish that any MV-reactive Fabs were specifically selected during panning, soluble antibody was also generated from 40 clones taken from the unpanned SSPE library. No immunoreactivity was found in any of the unpanned Fabs. However, a single Fab (Fab 1) from the panning against untreated SSPE sections and two Fabs (Fabs 2 and 3) from the panning against acid-treated SSPE sections demonstrated strong immunoreactivity against MV-infected cell extracts, but not uninfected cell extracts (Table 1) .
We next determined the heavy chain amino acid sequences of the three MV-specific Fabs. Each contained the same sequence within complementarity-determining region 3 (CDR3) ( Table 2 ). This sequence was also identical to that found in Fab 2B4, a recombinant antibody specific for the MV nucleocapsid protein that was selected by panning against MV-infected cell extracts (6) . Importantly, we did not find this heavy chain sequence in the heavy chain sequences of 38 Fab clones randomly selected from the unpanned library (data not shown). A comparison of kappa light chain variable region sequences revealed that Fab 1 had the same light chain as 2B4, whereas Fabs 2 and 3 had a light chain that differed only by a single amino acid substitution in the CDR3. Alignment of these two light chain variable regions showed extensive homology but also revealed several distinct amino acid differences characteristic of clonal variants (data not shown).
We next sought to test the reactivity of the selected antibodies against SSPE brain sections compared to normal human brain white matter, acute MS plaques, and a brain infarct. However, the presence of large amounts of endogenous IgG in SSPE and MS brain precluded the use of an antihuman secondary antibody in evaluating recombinant Fab reactivity. To circumvent this problem, we expressed the recombinant antibodies in pFLAG, a modified form of the pComb3H vector (3) in which an 8-amino-acid flag epitope tag (13) is fused to the carboxyl terminus of the heavy chain (Fd region) moiety of the Fab. The flag peptide sequence was introduced into the backbone of the pComb3H phagemid vector between the more downstream of two SfiI sites and the unique NheI site, replacing sequence encoding cpIII with a 38-bp insert created by annealing the oligonucleotide primers HCFLAG(ϩ) (5Ј-CGG CCC AGA CTA CAA GGA CGA TGA CGA TAA GGG CTA AG-3Ј) and HCFLAG(Ϫ) (5Ј-CTA GCT TAG CCC TTA TCG TCA TCG TCC TTG TAG TCT GGG CCG GCC-3Ј). Phagemid DNA recovered following library panning was digested with SfiI, and the excised fragment, containing antibody sequences, was directionally religated into the SfiI sites of pFLAG. Flag-tagged soluble Fab was expressed and purified as described previously (8) . The flagged 2B4 antibody (identical in heavy and light chain composition to Fab 1) reacted specifically with MV-infected cells in culture, intensely staining the cytoplasm of multinucleated cells (Fig. 1A) . Bound 2B4-flag was detected with a mouse anti-flag monoclonal antibody (Sigma Chemical Co., St. Louis, Mo.) followed by an anti-mouse IgG conjugated to alkaline phosphatase (Vector Labs, Burlingame, Calif.). In the same assay, unflagged 2B4 was negative with MV-infected cells (Fig. 1B) .
To test antibody binding to brain, sections were rinsed in PBS and incubated for 1 h in 10% normal goat serum (NGS) diluted in PBS, before the addition of 5 g of soluble flagged or unflagged 2B4 Fab or a rabbit anti-MV polyclonal antibody (1:200 dilution in 10% NGS-PBS) per ml. After incubation overnight at 4°C and an additional 2 h at RT, sections were washed five times with PBS. Sections bound with 2B4 antibodies were incubated for 3 h at RT with mouse monoclonal IgG specific for the flag peptide sequence (1:200 dilution in 10% NGS-PBS). After washing in PBS, sections were overlaid with mouse anti-IgG conjugated to alkaline phosphatase (a 1:200 dilution in 2% NGS-PBS) for 1 h at RT and again washed extensively with PBS. Staining was developed with New Fuchsin (DAKO, Carpinteria, Calif.) as substrate, and sections were counterstained with Gill no. 2 hematoxylin (Sigma Chemical Co.) and mounted with aqueous Immunomount (Fisher Scientific, Pittsburgh, Pa.) for light microscopy. Bound rabbit anti-MV IgG was detected with a 1:200 dilution of a goat antirabbit IgG conjugated to alkaline phosphatase.
The flagged 2B4 Fab reacted strongly with infected cells in the fresh-frozen acetone-fixed SSPE brain used for panning (Fig. 1C) . This staining pattern was also seen when the same SSPE brain was incubated with a polyclonal anti-MV antibody (Fig. 1D) . Immunoreactivity was not observed when adjacent sections from the same SSPE brain were stained with unflagged 2B4 (Fig. 1E) . A second fresh-frozen paraffin-embedded SSPE brain (SSPE 2D) was also stained by flagged 2B4 (Fig. 1F) . In this tissue, cytoplasmic staining of individual cells was accompanied by punctate staining that appeared to be extracellular. No 2B4-flag immunoreactivity was detected in sections from a formalin-fixed paraffin-embedded brain infarct (Fig. 1G) or fresh-frozen acetone-fixed normal human brain white matter (Fig. 1H) or acute MS plaques (data not shown).
Our findings demonstrate that a complex mixture of brain antigens in tissue sections can be used to specifically enrich for immunoreactive Fabs. After five rounds of panning, approximately 10% (3 of 36) of the eluted phage represented a single MV-specific Fab. The heavy chain of this Fab was not detected in 38 random clones sequenced from the unpanned library. Thus, the presence of this Fab after extensive panning does not simply reflect carryover of an abundant heavy chain sequence. Further, the three enriched Fabs all had ELISA values with MV-infected cell lysates 20-to 30-fold above those of uninfected cell lysates, whereas none of the 40 unpanned Fabs assayed displayed any immunoreactivity. The heavy chain of the enriched immunoreactive Fabs was identical to that of 2B4, a nucleocapsid-specific Fab obtained by panning against MVinfected cell extracts ( Table 2) . One of the three corresponding kappa light chains was also identical to the 2B4 kappa light chain, and the other two differed by a single amino acid in the CDR3 region and 2 amino acids in the framework 3 region. Acid pretreatment of SSPE sections had minimal effect on our panning results. Apparently, sufficient free antigen was available in brain sections to adequately enrich specific Fabs, consistent with our observation that MV antigens in SSPE brain are readily detected with anti-MV antibodies.
The 2B4 Fab not only immunoprecipitates the MV nucleocapsid protein from infected cell extracts and recognizes the denatured form of the protein by immunoblotting (6) but also recognizes the nucleocapsid antigen in different SSPE brains. Staining with both 2B4 and anti-MV IgG revealed that only a small fraction of cells (Ͻ1%) in the panned sections harbored MV proteins, and most immunoreactivity was confined to small areas (Fig. 1C) . Thus, despite the apparent paucity of MV antigens, modest numbers of MV-specific phage were still recovered. Phage display of combinatorial antibody libraries is a powerful tool to rapidly generate specific high-affinity antibodies from immune human donors (7) . We have extended this technology to infectious inflammatory diseases of the CNS. The selection of specific Fabs with a complex antigen source such as brain sections suggests that this technology may be valuable to demonstrate antibody specificity not only in CNS diseases of unknown cause such as MS but also in other chronic inflammatory systemic disorders of unknown cause such as sarcoidosis, Wegener's granulomatosis, polyarteritis nodosa, and systemic lupus erythematosus.
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